 Local piezoelectric and ferroelectric behavior was highlighted by PFM.
Introduction
The perovskite oxynitride compounds have received much attention in recent years due to their original properties compared to their oxide parents. For example, the decrease of the band-gap consecutive of the nitrogen substitution for oxygen in the perovskite structure leads to an absorption in the visible domain, with potential applications as pigments [1, 2] and visible photocatalysts, for instance, in overall water splitting reactions [3] . Moreover, high permittivities have been reported. For the SrTaO2N compound, closest reported material for comparison with our results as explained hereafter, Kim et al. first reported a permittivity  = 2800 @1MHz,RT on 55% dense ceramics [4] . Zhang et al. confirmed this trend with  = 10000 @1MHz,RT on a 90% dense ceramic post-annealed in ammonia [5] . Recently, Sun et al. reported  = 355 @1MHz,RT for a 84% dense pellet densified with SrCO3 and post annealed in ammonia [6] ; no drastic change of permittivity was observed in the temperature range 20 -160°C. On thin films, data are dramatically scarce. Oka et al. reported a permittivity close to 2000 @10 kHz,RT for a 290 nm-thick epitaxial film [7] ; no significant change was observed upon cooling the films down to 50 K and varying frequency from 20 Hz to 100 kHz. The high values of permittivity observed on perovskite oxynitrides are currently assigned to a possible local oxygen/nitrogen ordering with a cis-type configuration of the nitrogen atom in the MO4N2 octaedra (M: transition metal, lanthanide) [8, 9] . A local ferroelectric behavior has been demonstrated on SrTaO2N, as bulk [10] and thin films [7] .
The aim of our research is to provide experimental data on the oxynitride perovskite compounds, especially on their dielectric and ferroelectric properties. Moreover, we are looking for high permittivity materials for integration in miniaturized/agile devices such as antennas. Given the great difficulty of densifying oxynitrides ceramics, our approach has turned to the synthesis of these compounds in the form of thin films, as reported in other studies [11, 12] . We have conducted research on LaTiO2N films deposited by reactive sputtering from oxynitride LaTiO2N [13] and oxide La2Ti2O7 [14] targets. Recently, our interest has been focused on the deposition of films from the solid solution (1-x) Sr2Ta2O7, xLa2Ti2O7 [15] . The oxide precursors are both ferroelectric materials with Curie temperatures of -107°C for Sr2Ta2O7 [16] and 1500°C for La2Ti2O7 [17] . According to the results of Nanamatsu [16] , it is expected that the (Sr0.99La0.01)2(Ta0.99Ti0.01)2O7) oxide is ferroelectric with a Curie temperature close to room temperature. We have shown that in reactive Ar + O2 + N2 plasmas, oxide films are obtained for plasmas containing dioxygen and dinitrogen whereas oxynitride (Sr0.99La0.01)(Ta0.99Ti0.01)O2N (SLTTON) films are produced only in Ar + N2 plasmas, that is without O2 [18] .
The purpose of the present contribution is to provide a complete dielectric and ferroelectric characterization of oxynitride SLTTON perovskite films. The first series of films is composed of oxynitride samples deposited on conducting Nb-doped SrTiO3 substrates for the nanoscale Piezoelectric Force Microscopy (PFM) analysis and for the low frequency dielectric characterization using Metal Insulating Metal (MIM) structures. This series also concerns films with different thickness in order to evaluate the effect of a possible crystallographic strain on the dielectric properties of oxynitride films. The second series contains samples deposited on MgO substrates for the high frequency dielectric characterization, using metallic transmission lines and a resonant cavity.
Materials and methods
Film deposition was carried out using radio frequency (rf) reactive magnetron sputtering in a Plassys MP450S reactor using a homemade (Sr0.99,La0.01)2(Ta0.99,Ti0.01)2O7 For the sputtering deposition, the plasma gas mixture contained 92.3vol.% of argon and 7.7vol.% of dinitrogen, with a total pressure pT = 40 mTorr. The rf power was fixed at Prf = 90 W (2.04 W/cm²) with a target-substrate distance d = 5 cm. The substrate temperature was maintained at TS = 750°C. Before deposition, a pre-sputtering of the target was performed during 30 min under the reactive gas mixture. The films were cooled under the same gas mixture than deposition at 10°/min; no post-annealing was performed. Films of the present study were deposited using the same sputtering conditions, except the duration of depositions in order to access different thickness of samples. Two series of SLTTON samples were prepared: a first one for the Piezo-force microscopy measurements and for the dielectric characterization in the low frequency range, a second one for the dielectric characterization in the high frequency range. Assuming direct transitions, band-gap values were obtained using the relation:
where ℎ is the photon energy. Hence plotting ( ℎ ) 2 as a function of ℎ , the extrapolation of the linear region at zero gives the value of [19] . The error is estimated as 0.05 eV.
PFM measurements were performed with Pt/Ir coated probes (PPP-EFM, NanoSensors) and stiff cantilevers (k ~ 4 N/m) to minimize electrostatic contribution in the detected PFM signal. Dual AC resonance tracking (DART) mode of the PFM was employed in order to enhance the piezoelectric signal [20] , while remnant piezoresponse loops, i.e. at zero DC bias field, were recorded to promote the electromechanical response. For these spectroscopic PFM measurements, the driving voltage was set to 1.5 V at the probe tip and the conductive substrate was grounded.
Low frequency dielectric properties were measured at room temperature by a LCR meter (LCR-819 GWInstek) on MIM structures. The conducting substrate (Nb:SrTiO3) was used as bottom electrode, whereas 200 nm sputtered silver served as the top electrodes. A stabilized Keithley 2400 supply was used to provide DC electric fields in order to evaluate the variation of the permittivity of films as function of electric bias (i.e. agility of samples).
The extraction of the microwave properties of the oxynitrides films was done by using two different methods: transmission lines and a resonant cavity. The transmission line method consists in measuring the reflection S11 and the transmission S21 parameters of a charged coplanar line (silver line on the MgO substrate covered by the oxynitride dielectric film).
Effective permittivity and losses of this multilayer structure are then determined. The intrinsic characteristics of the dielectric film are further extracted using the "conformal mapping method" developped by Carlsson and Gevorgian [21] . Measurements were made using a HP8510C network analyzer associated to a Signatone H100 probe station, from 1 to 20 GHz.
Sputtering silver metallization (2 m Ag and 5 nm Ti as adhesion layer) on the oxynitride/MgO bilayer followed by a standard photolithographic wet etching process (HNO3/H3PO4/CH3COOH/H2O solution for silver and HF/H2O solution for Ti) were used to define the metallic patterns of the transmission lines.
The cavity method proved to be appropriate to characterize thin dielectric films [22] , giving very accurate values of the microwave dielectric properties of materials [23] . Here, it was employed to extract precise values of dielectric losses. However, on the contrary to transmission line methods, it is limited to a single frequency which depends on the size of the cavity. In this study, we used a cavity constituted by a 5-cm long WR-90 waveguide coupled by circular apertures. A non-radiating slot, placed in the middle of the waveguide section, allows inserting the material under test. A low perturbation approach is used to extract the dielectric properties of the thin film under study. At first, an MgO substrate is inserted in the cavity; this "unloaded" measurement will constitute the reference. Then, a bilayer oxynitride film/MgO is placed in the cavity for a "loaded" measurement. The changes of resonance frequency and quality factor thus induced allow extracting the complex permittivity of the dielectric film, further the dielectric losses. Main error source comes from the difference of dimensions and/or dielectric properties between the MgO substrate for the "unloaded" measurement and the MgO substrate on which the dielectric film is actually deposited. To get around this problem, we deposited the oxynitride dielectric film on half of a 20-mm long substrate (as shown in Supplementary data 2). This ensures that the two parts of the MgO substrate have undergone the same deposition process, particularly the heating at TS = 750° C.
Results and Discussion
The characteristics of the studied films are detailed in Table 1 .
Structure of SLTTON films
The UV-visible transmittance spectrum of the twin film deposited on MgO substrate in the same run than the SLTTON-1600nm sample is shown in Figure 1 , with, in insert, the extrapolation giving the band gap value (Eg = 2.35 eV). The fringes above the absorption threshold are related to interferences created at the air/film and film/substrate interfaces and depend on the thickness, roughness and density of film. Here, the fringes are tightened because of the high thickness (1600 nm) of the sample. Band gap values of other films are given in Table 1 and are around the average value Eg ~2.30 eV. This is very similar to the reported values on the closest oxynitride material, SrTaO2N, with, for example, Eg = 2.27 eV for films [7] and Eg = 2.30 eV for bulk [10] . compared to the Nb-SrTiO3 substrate (+3.44 %). As their thick homologs on the latter substrate, their ratios c/a (1.000) are close to the reported value for bulk, demonstrating fully relaxed films in accordance with their high thickness (1520 nm). by the different work functions of the probing tip (Ti/Ir) and the conductive substrate (NbSrTiO3), leading to an internal bias field [24] . In addition, we also note a shift toward negative voltage values along the DC bias axis, which can be related to an imprint behavior of the local switching [25, 26] consistent with the presence of an internal built-in electric field [27] .
Piezo-force microscopy characterization
Consequently, from these local experiments, both switching behavior and electromechanical response evidence the local piezo-/ferroelectric nature of the oxynitride SLTTON thin films, as recently demonstrated by D. Oka et al [7] . At 100 kHz, the permittivity ( = 175) of the SLTTON-1600nm film is higher than that obtained on an oxide perovskite Sr2Ta2O7 film ( = 95), polycrystalline and deposited by sol-gel route [28] . This feature has always been evidenced for perovskite oxynitride materials compounds compared to their oxide parents, in the form of bulk [4] as well as thin films [11] .
It is besides what has developed the strong enthusiasm for the perovskite oxynitride materials.
However, it is for us to recognize that the values achieved in the present study do not reach the values observed on SrTaO2N compound:  = 750 for bulk [10] and  = 2000 for film [7] (@10 kHz, RT). In the latter study, the high permittivity was explained by the high compressive strain attained in the film sample due to its epitaxial (001) growth on the Nb-(001)SrTiO3 substrate. It was proposed an ordering of the nitrogen atoms along the c-axis of the perovskite cell, hereafter identified as a trans-type ordering. Classical type ferroelectricity was assigned to this structuration and held responsible for the observed high permittivity. This compressive strain was associated to very high ratios c/a, for example c/a = 1.026 for a 20-nm-thin film. In our case, we have determined a ratio c/a = 1.008 for the SLTTON-20nm
sample, which denotes a moderate strain. It is certainly too low to impact significantly the anion ordering and so, the dielectric properties. Nevertheless, the permittivity obtained here for the thickest film ( = 175) may be related to the value obtained on bulk SrTaO2N material (= 750 [10] ) considering that permittivities of films are generally lowered compared to bulk due to smaller grain sizes [29] . It is besides very close to the value  = 200 (@100 kHz, RT) obtained on an epitaxial BaTaO2N film deposited by laser ablation [30] . Figure 6 presents the evolution of the permittivity and dielectric losses of the above samples as function of an applied dc electric field. No variation of the permittivity is seen, which significates no agility of these oxynitride samples at a macroscopic scale. The maximum applied fields are 600 kV/cm (not seen on the graph for clarity reason), 31 kV/cm and 62 kV/cm, respectively for the SLTTON-20nm, -300nm and -1600nm samples. The first value is very high and emphasizes a more insulating character of the very thin film compared to the others. This sample has also a lower permittivity ( = 30). So, despite a band gap value of 2.05 eV, we suggest that this sample actually contains an insulating oxide contribution which may come from the diffusion of oxygen atoms from the SrTiO3 substrate at the high temperature used during deposition (TS = 750°C) [31] . Concerning its losses, they experience an increase in positive applied electric fields, due to the difference of nature of the top (silver) and bottom (Nb-SrTiO3 substrate) electrodes of the MIM structure. The maximum applied fields of 31 kV and 62 kV/cm for thicker oxynitride films are lower than those currently obtained on dielectric and/or ferroelectric perovskite oxide films (for example, [32] ). As already reported for bulk [4, 33] and thin films [11] , oxynitride materials are intrinsically more conductive than their oxide parents. This is in connection with the band-gap of oxynitrides, lower than the oxides because of the substitution of nitrogen for oxygen, thus allowing more easily the electrons to move to the conduction band. This will in turn increase the conductivity of the material, hereafter the maximum applied electric fields and the dielectric losses.
Finally, since the samples do no exhibit a variation of their permittivity as function of an electric bias, no macroscopic ferroelectric polarization measurements (P-E) have been initiated. . These are low, which definitively validates the use of the resonant cavity method especially adapted for low loss materials and thin films. We should add that, in transmission lines and resonant cavity methods, the tangential dielectric response of samples is only considered, so that these two methods can act as complementary characterization techniques in high frequencies. 
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